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Structural Adaptations in Overwintering Leaves of Thermonastic and
Nonthermonastic Rhododendron Species
Abstract
Evergreen rhododendrons (Rhododendron L.) are important woody landscape plants in many temperate
zones. During winters, leaves of these plants frequently are exposed to a combination of cold temperatures,
high radiation, and reduced photosynthetic activity, conditions that render them vulnerable to photooxidative
damage. In addition, these plants are shallow-rooted and thus susceptible to leaf desiccation when soils are
frozen. In this study, the potential adaptive significance of leaf morphology and anatomy in two contrasting
Rhododendron species was investigated. R. catawbiense Michx. (native to eastern United States) exhibits
thermonasty (leaf drooping and curling at subfreezing temperatures) and is more winter-hardy [leaf freezing
tolerance (LT50) of containerized plants ≈–35 °C], whereas R. ponticum L. (native to central Asia) is less
hardy (LT50 ≈–16 °C), and nonthermonastic. Thermonasty may function as a light and/or desiccation
avoidance strategy in rhododendrons. Microscopic results revealed that R. ponticum has significantly thicker
leaf blades but thinner cuticle than R. catawbiense. There is one layer of upper epidermis and three layers of
palisade mesophyll in R. catawbiensecompared with two distinct layers of upper epidermis and two layers of
palisade mesophyll in R. ponticum. We suggest that the additional layer of upper epidermis in R. ponticum and
thicker cuticle and extra palisade layer inR. catawbiense represent structural adaptations for reducing light
injury in leaves and could serve a photoprotective function in winter when leaf photochemistry is generally
sluggish. Results also indicate that although stomatal density of R. ponticum is higher than that of R.
catawbiense leaves, the overall opening of stomatal pores per unit leaf area (an integrated value of stomatal
density and pore size) is higher by approximately twofold in R. catawbiense, suggesting that R. catawbiense may
be more prone to winter desiccation and that thermonasty may be a particularly beneficial trait in this species
by serving as a desiccation-avoidance strategy in addition to a photoprotection role.
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ABSTRACT. Evergreen rhododendrons (Rhododendron L.) are important woody landscape plants in many temperate
zones. During winters, leaves of these plants frequently are exposed to a combination of cold temperatures, high
radiation, and reduced photosynthetic activity, conditions that render them vulnerable to photooxidative damage. In
addition, these plants are shallow-rooted and thus susceptible to leaf desiccation when soils are frozen. In this study,
the potential adaptive significance of leaf morphology and anatomy in two contrasting Rhododendron species was
investigated. R. catawbienseMichx. (native to eastern United States) exhibits thermonasty (leaf drooping and curling
at subfreezing temperatures) and is more winter-hardy [leaf freezing tolerance (LT50) of containerized plants ’–35
8C], whereas R. ponticum L. (native to central Asia) is less hardy (LT50’–16 8C), and nonthermonastic. Thermonasty
may function as a light and/or desiccation avoidance strategy in rhododendrons. Microscopic results revealed that R.
ponticum has significantly thicker leaf blades but thinner cuticle than R. catawbiense. There is one layer of upper
epidermis and three layers of palisade mesophyll in R. catawbiense compared with two distinct layers of upper
epidermis and two layers of palisade mesophyll in R. ponticum. We suggest that the additional layer of upper
epidermis in R. ponticum and thicker cuticle and extra palisade layer in R. catawbiense represent structural
adaptations for reducing light injury in leaves and could serve a photoprotective function in winter when leaf
photochemistry is generally sluggish. Results also indicate that although stomatal density ofR. ponticum is higher than
that of R. catawbiense leaves, the overall opening of stomatal pores per unit leaf area (an integrated value of stomatal
density and pore size) is higher by approximately twofold in R. catawbiense, suggesting that R. catawbiense may be
more prone to winter desiccation and that thermonasty may be a particularly beneficial trait in this species by serving
as a desiccation-avoidance strategy in addition to a photoprotection role.
Rhododendrons are among the most widely grown woody
ornamentals in landscapes and public gardens with great
horticultural interest. Rhododendron (Ericaceae) comprises
almost 1000 species distributed worldwide (Chamberlain
et al., 1996). Among them, over 800 species are distributed
throughout the Northern Hemisphere, ranging from tropical to
polar climates and varying widely in their cold-hardiness
(Leach, 1961; Sakai et al., 1986). Overwintering perennials in
the temperate zone survive through harsh winters by an induced
process termed cold acclimation (CA). This seasonal phenom-
enon greatly increases their cold-hardiness in response to
inductive short photoperiods, low nonfreezing and then sub-
freezing temperatures sequentially through early fall and winter
(Sakai and Larcher, 1987; Weiser, 1970). Evergreen rhododen-
drons are broad-leaved woody plants and the freezing tolerance
of fully cold-acclimated leaves can be as low as –50 to –60 C
(Sakai et al., 1986; Wei et al., 2005).
As understory evergreen plants in the deciduous forests,
leaves of most rhododendrons are commonly exposed to a
combination of freezing temperatures and high light in their
natural habitat during winter. A previous study in our laboratory
indicated that downregulation of photosynthetic metabolism
[specifically five photosynthesis-related genes (light-harvesting
chlorophyll a/b-binding protein, RuBisCO small subunit pre-
cursor, RuBisCO activase, plastidic fructose bisphosphate
aldolase, and chloroplast precursor of plastocyanin)] in over-
wintering leaves of R. catawbiense (Wei et al., 2005) could
potentially result in light energy harvested by the leaves to be in
excess of what can be processed by photosystems, thus making
these plants particularly vulnerable to photoinhibition or photo-
oxidative damage (Peng et al., 2008).
Many plants have evolved mechanisms to dissipate excess
absorbed light safely as thermal energy through the xanthophyll
cycle (Adams et al., 2004) and/or protect cells against the
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photo-oxidative damage through antioxidants such as tocopher-
ols, ascorbate, and glutathione (Niyogi, 1999). Recent studies
with several overwintering evergreens—rhododendron (R.
catawbiense), subalpine fir [Abies lasiocarpa (Hook.) Nutt.],
and lodgepole pine (Pinus contorta Dougl. ex Loud.)—showed
that the xanthophyll pool was significantly upregulated in sun-
exposed winter leaves compared with the summer leaves and
that it may play a key role in the prevention of photo-oxidative
damage (Harris et al., 2006; Zarter et al., 2006a, 2006b).
The leaves of some evergreen Rhododendron species show
thermonasty (i.e., temperature-induced leaf movements), a
phenomenon in which leaves droop and curl at freezing temper-
atures in winter (Nilsen, 1987). Thermonasty or thermonasty-
like responses have been observed on main stems of Phryma
leptostachya L. (Endo and Miyauchi, 2006) and the petals of
some flowers (Tulipa L. and Crocus L.) (Crombie, 1962);
however, these movements occur at relatively warmer temper-
atures (12 C for P. leptostachya), whereas leaf thermonasty
in rhododendrons typically occurs at subfreezing temperatures
(Nilsen, 1987). Nilsen (1992) proposed several possible theo-
ries for thermonasty response in rhododendrons. A hypothe-
sized adaptive benefit of thermonastic leaf movement is
avoidance of high light stress by reducing the leaf area and
shading the leaf more. It has been suggested that without
thermonasty, the leaves would be injured during bright, cold
winter days and, as a consequence, the net photosynthesis rate
in the next year would decrease and leaf mortality would
increase (Bao and Nilsen, 1988). Another possible adaptive
benefit of thermonasty is prevention of desiccation during cold
periods (Nilsen, 1992). Rhododendrons are typically shallow-
rooted plants and thus are susceptible to leaf desiccation under
windy and/or freezing conditions in winter. Leaf curling could
reduce transpiration by creating more humid microsites around
the stomata of the lower leaf surface (Nilsen, 1992).
In addition to light avoidance and tolerance mechanisms,
many plants exhibit photoacclimation in response to light
stress that is manifested in the leaf morphological and anatom-
ical adaptations (Anderson et al., 1995; Bjo¨rkman, 1981;
Walters et al., 2003). Photoacclimation can occur at two levels:
1) leaf level and 2) chloroplast level (Murchie and Horton,
1997). The different anatomy of ‘‘sun’’ and ‘‘shade’’ leaves is
an example of leaf level acclimation (Bjo¨rkman, 1981). For
example, ‘‘sun’’ leaves are smaller and thicker with more
columnar mesophyll cells than ‘‘shade’’ leaves and have a
higher density of leaf stomata (Lichtenthaler et al., 1981;
Nobel, 1977; Oguchi et al., 2003; Sims and Pearcy, 1992;
Wentworth et al., 2006) as well as increased lengths of stomatal
pores (Wild and Wolf, 1980). Because the leaves of over-
wintering rhododendrons are typically exposed to excess light
in winter, they too are expected to have evolved leaf morpho-
logical and anatomical features to allow them to handle the high
irradiance.
The objective of this study was to compare the leaf structural
differences of the two Rhododendron species (R. catawbiense
and R. ponticum) that are divergent in their leaf freezing
tolerance (superhardy versus less hardy, respectively) and in
their thermonastic behavior (former shows thermonasty,
whereas the latter does not). We hope to gain insight into
how thermonasty (or lack thereof) together with the specific
leaf morphological and anatomical features of the two species
might be associated with their ability to tolerate/avoid high
irradiance and/or withstand dehydrative stresses during winter.
Materials and Methods
PLANT MATERIAL AND GROWTH CONDITIONS. The plants from
the two species of Rhododendron [R. catawbiense ‘Catalgla’
and R. ponticum ‘RSBG 76/411’ (RSBG = Rhododendron
Species Foundation and Botanical Garden)] were vegetatively
propagated (semihardwood cuttings) and grown in 19-L plastic
pots at the David G. Leach Research Station of Holden
Arboretum (Kirtland, OH). Approximately 2-year-old contain-
erized plants were sent to the Department of Horticulture at
Iowa State University (ISU) in Ames, where they were
maintained in Fafard mix 52 (Conrad Fafard, Agawam, MA)
[pine bark (60%); peat, perlite, and vermiculite (40%)] outside
the ISU horticulture greenhouse (lat. 421# N, long. 9338# W).
The plants were allowed to acclimate naturally from Aug. to
Dec. 2007. Average monthly minimum air temperatures from
Aug. to Dec. 2007 at this location were 16.9, 11.1, 7.7, –2.8, and
–10.8 C, respectively. All the plants were partly shaded by
placing the pots in the understory of a pine (Pinus L.) tree. Daily
changes of irradiance on leaf surface on sunny days were quite
stable and the irradiance ranged from 75 mmolm–2s–1 (0800 HR)
to 1300 mmolm–2s–1 (1400 HR) with an average of 350
mmolm–2s–1. The plants were watered as needed throughout
the study.
FREEZING TOLERANCE TESTS. Leaf freezing tolerance (FT)
tests were performed by subjecting punched leaf discs (diameter
= 1.27 cm) to a controlled freeze–thaw regime followed by the
assessment of injury by measuring electrolyte leakage from
freeze–thaw-injured tissues as described by Lim et al. (1998).
The discs were cooled in a temperature-controlled glycol bath
(Isotemp 3028; Fisher Scientific, Pittsburgh, PA) for non-
acclimated (NA) leaves sampled in Aug. 2007 or in a pro-
grammable freezer (model 85–3.1; ScienTemp, Adrian, MI) for
CA leaves sampled in Dec. 2007. The lowest treatment temper-
atures for NA samples (in the glycol bath) and CA samples (in
the programmable freezer) were –20 and –50 C, respectively.
Two separate cooling devices were used in this study because
the former’s cooling limit is only up to –22 C; however, ice
nucleation (at –1 and –3 C for the glycol bath and pro-
grammable freezer, respectively) was ensured in all the
freezing tests and tissues were cooled at relatively slow cooling
rates (–1 to –2 C/h). The treatment temperatures at which NA
or CA samples were removed from the cooling bath or the
programmable freezer were at –2 to –3 and –5 C increments,
respectively, and included an unfrozen control. Fully expanded
leaves from current-year growth were collected to conduct the
tests. Three replications were made at each treatment temper-
ature from three individual leaves (one leaf from each of three
plants per species).
For NA leaves, punched leaf discs were placed in test
tubes with 80 mL demineralized water; the tubes were placed
in the glycol bath for 1 h at –1 C and ice chips were added
to initiate ice nucleation. After an additional hour at –1 C,
the temperature was cooled at a rate of 1 C per hour.
Frozen samples at each treatment temperature were removed
from the glycol bath and thawed on ice overnight. Samples
were removed from ice and thawed at 4 C for 1 h and then
at room temperature for another hour. Ions were extracted with
20 mL demineralized water followed by vacuum infiltration
(three times for 3 min each at 100 kPa) and shaking for 3 h
at 250 rpm. Initial electrical conductivity was measured for
each sample with a conductivity meter (model 3100; YSI,
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Yellow Spring, OH). Final electrolyte leakage for each
sample was determined after autoclaving the samples at
121 C for 20 min. Percent ion leakage at each temperature
was calculated and converted to percentage injury, and
then LT50 (the temperature at which 50% injury occurred
and defined as FT) was calculated according to Lim
et al. (1998). For cold-acclimated samples, leaf discs were
cooled in the programmable freezer with ice nucleation
occurring at –2 to –3 C with the cooling rate of 1 C per
hour during the first 4 h (up to –3 C) and 4 C per hour until
the lowest treatment temperature was reached. All the remain-
ing processes were the same as those conducted for NA
samples.
CHLOROPHYLL FLUORESCENCE MEASUREMENTS. Modulated
chlorophyll fluorescence was measured with a fluorometer
(PAM-2000; Waltz, Effetrich, Germany) and analyzed by Data
Acquisition Software DA-2000 (Waltz). Both NA (August) and
CA (November) current-year leaves from the two species were
used. Intact leaves were dark-adapted for 30 min to measure the
maximal quantum yield of photosystem II (Fv/Fm) according to
Heddad et al. (2006). This parameter reflects the maximal
efficiency of photosystem II that is measured in dark-adapted
tissues. Three leaves from three different plants were used for
all measurements (one leaf from each of the three plants per
species). All measurements were made between 1000 and 1200
HR on sunny days.
LIGHT AND SCANNING ELECTRON MICROSCOPY. Punches
(diameter = 1 mm) were made from fully expanded leaves
at room temperature (NA leaves) or in the cold room (CA
leaves) to be used for microscopy analysis. Punches from three
separate leaves (one leaf from each of three plants/species
and several punches/leaf) were made from the midlength along
midribs and three punches/species (one punch/leaf) were ran-
domly selected for microscopy.
For light microscopy (LM), leaf discs were fixed in 2%
paraformaldehyde/2% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.2) under low vacuum for at least 2 h and then
stored at 4 C overnight. The fixed tissues were washed in the
cacodylate buffer, dehydrated in a graded ethanol series (25%,
50%, 70%, 95%, 100%), and then transferred to 100% acetone.
Each wash lasted 30 min. The dehydrated discs were gradually
infiltrated with a low-viscosity epoxy resin (Spurr, 1969) and
embedded and polymerized at 60 C for 48 h. Three thin
transverse sections (0.5 mm) from each species were made with
an ultramicrotome using glass knives, mounted on microscope
slides, and stained with toluidine blue O. The LM images were
taken on a light microscope (BH10; Olympus, Center Valley,
PA) with bright-field optics.
For scanning electron microscopy (SEM), the tissues fixed
for LM study were postfixed with 1% osmium tetroxide (OsO4),
dehydrated in a graded ethanol series, and critical point dried
using liquid CO2 (DCP-1; Denton Vacuum, Moorestown, NJ).
Samples were then attached to aluminium stubs using adhesive
tabs and silver painted around their edges. The mounted
samples were sputter-coated with gold/palladium (20:80) and
viewed with a JEOL JSM-5800 LV scanning electron micro-
scope (JEOL, Tokyo, Japan) at 10 kV. Images were digitally
captured.
All anatomical data were obtained using SEM images from
NA and CA samples with at least three replications. These
parameters included thickness of leaf blades and adaxial
epidermis, depth of palisade parenchyma, thickness of leaf
adaxial cuticle, stomatal density, and length and width of
stomatal pores. Total opening area of stomatal pores per unit
leaf area was calculated by integrating stomatal density
(number of stomata/unit leaf area) and average stomatal pore
size (width and length).
STATISTICAL ANALYSIS. Statistical significance of differences
between the two species in measured parameters was tested by
Student’s t test. Means were considered to be significantly
different when P # 0.05.
Fig. 1. The photograph showing no leaf movement and thermonastic leaf
movement (see arrows) in Rhododendron ponticum and R. catawbiense,
respectively. The picture was taken on a sunny day while the ambient
temperature was –5.5 C in Dec. 2006.
Table 1. Leaf freezing tolerance (LT50) and maximal quantum yield of photosystem II (Fv/Fm) of Rhododendron ponticum and R. catawbiense
from nonacclimated (NA) and cold-acclimated (CA) leaves in 2007.z
Species
LT50 (C) Fv/Fm
NA (August) CA (December) NA (August) CA (November)
R. ponticum –4.7 a ± 0.2 –15.6 c ± 1.0 0.76 a ± 0.01 0.66 b ± 0.01
R. catawbiense –7.1 b ± 0.4 –34.5 d ± 1.8 0.74 a ± 0.02 0.59 c ± 0.03
zData presented are mean ± SE (n = 3). Different letters indicate significant differences between species and sampling dates (P # 0.05).
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Results
Thermonasty, leaf freezing
tolerance, and maximal quantum
yield of photosystem II (Fv/Fm)
Thermonastic leaf movement at
subfreezing temperatures (–5.5 C)
clearly appeared in CA leaves of R.
catawbiense, but not in R. ponticum
(Fig. 1). Leaf freezing tolerance
(LT50) of R. ponticum and R. cata-
wbiense was –4.7 and –7.1 C for
NA plants and –15.6 and –34.5 C
for CA plants, respectively. Com-
pared with R. ponticum, the LT50 of
R. catawbiense was 58% and 121%
lower (more negative) in NA and
CA plants, respectively. Both spe-
cies showed photoinhibition in
November (lower values of Fv/Fm)
compared with the measurements in
August (Table 1). R. catawbiense
showed greater photoinhibition than
R. ponticum, especially in CA
leaves (20% versus 13% reduction
in Fv/Fm; Table 1).
Leaf anatomy of R. ponticum and
R. catawbiense
LEAF BLADES. LM and SEM
images of anatomical features of
NA and CA leaf blades are shown
with Figures 2 and 3. There were
two distinct layers of upper (adax-
ial) epidermis and two to three
layers of palisade mesophyll in R.
ponticum (Figs. 2A, 2C, 3A, and
3C); however, there was one layer
of adaxial epidermis and three to
four layers of palisade mesophyll in
R. catawbiense (Figs. 2B, 2D, 3B,
and 3D).
Thickness of leaf blades of R.
ponticum was greater than that of R.
catawbiense in both NA and CA
leaves (Fig. 4A). Moreover, com-
pared with NA leaves, thickness
of leaf blades from CA plants in-
creased significantly (by 17%) in
R. ponticum; however, no such
change was observed in R. cata-
wbiense. Thickness of adaxial epi-
dermis of R. ponticum was also
greater by approximately twofold
than that of R. catawbiense in both
NA (25.7 versus 14.6 mm) and
CA (28.6 versus14.6 mm) leaves
(Fig. 4B). Compared with NA
leaves, thickness of adaxial epider-
mis from CA plants was signifi-
cantly greater (by 12%) in R.
ponticum; however, no such change
Fig. 3. Scanning electron micrographs of laminal anatomy of nonacclimated (NA) (A–B) and cold-acclimated
(CA) (C–D) leaves from Rhododendron ponticum and R. catawbiense. (A, C) Leaf-fracture images of NA and
CA plants from R. ponticum, respectively. Bars = 100 mm. (B, D) Leaf-fracture images of NA and CA plants
from R. catawbiense, respectively. Bars = 100 mm. pp = palisade parenchyma, sp = spongy parenchyma, ue =
upper (adaxial) epidermis.
Fig. 2. Light micrographs of laminal anatomy of nonacclimated (NA) (A–B) and cold-acclimated (CA) (C–D)
leaves from Rhododendron ponticum and R. catawbiense. (A, C) Transverse sections of NA and CA leaves
from R. ponticum, respectively. (B, D) Transverse sections of NA and CA leaves from R. catawbiense,
respectively. Bars = 100 mm. pp = palisade parenchyma, sp = spongy parenchyma, ue = upper (adaxial)
epidermis.
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was observed in R. catawbiense. Depth of the palisade
parenchyma of R. ponticum was relatively smaller (by
14%) than that of R. catawbiense in NA leaves, but somewhat
greater (by 4%) than that of R. catawbiense in CA leaves (Fig.
4C). Consequently, depth of the palisade parenchyma in CA
plants increased 26% compared with NA leaves in R.
ponticum; however, there was no change in R. catawbiense
(Fig. 4C).
Thickness of adaxial cuticle from NA and CA leaves is
shown in Figure 5A–E. Compared with R. ponticum, cuticle
thickness in R. catawbiense was 16% and 7% greater in NA
(5.1 versus 4.4 mm) and CA (6.3 versus 5.9 mm) leaves,
respectively (Fig. 5E). Also, CA leaves exhibited significantly
greater cuticle thickness than NA leaves in both species with an
increase of 34% and 24% for R. ponticum and R. cata-
wbiense, respectively (Fig. 5E).
DIFFERENCES IN ABAXIAL STOMATA PROPERTIES. No wax could
be observed around the stomata in R. ponticum (Figs. 6A and
6C), whereas a substantial amount of wax was noted in R.
catawbiense (Figs. 6B and 6D). Stomatal density of R.
ponticum was significantly higher than that of R. catawbiense
in both NA (335 versus 222 stomata/mm–2) and CA (306
versus 128 stomata/mm–2) leaves (Fig. 6E). Compared with
NA leaves, both species showed a significant decrease in
stomatal density in CA leaves by 41.9% and 8.6% for R.
catawbiense and R. ponticum, respectively (Fig. 6E). The two
species showed different size (length, width, and opening area
of pores) and shape of stomatal pores (Figs. 7A–D). Compared
with R. ponticum, R. catawbiense showed significantly greater
values (averaged over NA and CA samples) for the length
(13.4 versus 7.1 mm) and width (6.3 versus 2.7 mm)
(Figs. 7E and 7F, respectively). The opening area of stomatal
pores/leaf area for R. catawbiense leaves was 2.9-fold that
of R. ponticum (17,970 versus
6,081 mm2/mm2) in NA leaves,
whereas it was 1.9-fold (11,807
versus 6,277 mm2/mm2) (Fig. 7G)
that of R. ponticum in CA leaves.
Discussion
The relationships among ther-
monastic leaf movements, leaf
freezing tolerance, and photoinhibi-
tion (Fv/Fm) in rhododendron are
not well understood. Our results
showed that the thermonastic spe-
cies (R. catawbiense) (Fig. 1) had
higher leaf freezing tolerance than
the nonthermonastic species (R.
ponticum) in both NA and CA
leaves (Table 1). A previous study
of 32 Rhododendron species
exhibited a strong positive correla-
tion between the degree of leaf
curling and freezing tolerance (Nilsen
and Tolbert, 1993), suggesting that
thermonastic leaf movements may
play a functional role in freezing
tolerance in some Rhododendron
species.
Our results showed that R. cata-
wbiense leaves were more photoinhibited than R. ponticum
leaves in both NA and CA samples, but particularly more
pronounced in winter (Table 1), indicating that R. catawbiense
is more photosensitive than R. ponticum under comparable
conditions. It is known that rhododendron plants, most of which
belong to shade-loving species, experience the largest radiation
of the year in winter because irradiance under a canopy of
deciduous trees is higher in winter than in the summer.
Thermonastic leaf movements of rhododendron plants at sub-
freezing temperatures were thought to alleviate photoinhibition
(Nilsen, 1992) by reducing the quantity of light impinging on
the leaf, thereby preventing or limiting photoinhibition. Thus,
we suggest that leaf movements in R. catawbiense together with
other leaf adaptations may help reduce photoinhibition in
winter in this species, which often grows in the open (e.g.,
the so-called ‘‘balds’’ above the tree line in the Appalachian
Mountains) and, hence, is more prone to light stress. The
nonthermonastic species (R. ponticum), however, may have
evolved other avoidance or tolerance mechanisms for main-
taining photosystem II photochemical efficiency under winter
conditions.
Significantly different anatomy between ‘‘sun’’ and ‘‘shade’’
leaves is a good example of photoacclimation (Bjo¨rkman,
1981). Our results showed that both species had some charac-
teristics of ‘‘sun’’ leaves. For example, R. ponticum had thicker
leaf blades (Fig. 4A) and higher density of leaf stomata (Fig.
6E), the characteristics typically observed in ‘‘sun’’ leaves
(Oguchi et al., 2003; Sims and Pearcy, 1992; Wentworth et al.,
2006). Two-layered adaxial epidermis in R. ponticum leaves is
a rather special feature and contributes to thicker leaf blades in
this species. Our data indicated that, in this species, leaf
thickness further increased in cold-acclimated tissues. Similar
cold acclimation-induced leaf thickness has been previously
Fig. 4. Comparison of thickness of leaf blades (A), thickness of adaxial epidermis (B), and depth of palisade
parenchyma (C) from nonacclimated (NA) and cold-acclimated (CA) leaves of Rhododendron ponticum and
R. catawbiense. Data presented are mean ± SE (n = 10 independent measurements from three sections per species;
3 + 3 + 4). Leaf samples were fixed and treated the same way as described in Fig. 3.
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reported in other species such as rye and winter oilseed rape and
attributed to either increased mesophyll cell size or cell wall
thickness (Huner et al., 1981; Stefanowska et al., 1999). Leaf
epidermal cells are thought to protect leaves against high
irradiance (Martin and Juniper, 1970) and/or ultraviolet radia-
tion (Liakoura et al., 2003). The additional layer of upper
epidermis and thicker adaxial epidermal cells in R. ponticum
(Figs. 2A, 2C, and 4B) could be structural adaptations pre-
sumably associated with the photoprotection (from total light
and/or specifically ultraviolet) during winter in this species.
Our results also showed that although R. catawbiense leaves
had only one layer of upper epidermis, they contained an extra
palisade layer compared with R.
ponticum (Figs. 2B, 2D, 3B, and
3D). Previous research shows that
‘‘sun’’ leaves are more likely to
contain multiple layers of palisade
cells (Osborn and Taylor, 1990),
which may take advantage of the
extra layers of photosynthetic cells
to increase photosynthetic effi-
ciency under high sunlight. We
speculate that the extra palisade
layer in R. catawbiense, the hardier
species, may be associated with
more efficient light use and thus
reduce light injury under winter
conditions. It is noteworthy that
multiple palisades (as opposed to a
single layer) has been associated
with greater leaf freezing tolerance
in some species such as Solanum
tuberosum L. (Palta and Li, 1979;
Pino et al., 2008). Combined with
thermonastic leaf movements, the
extra palisade layer in this species
may constitute a component of
photoprotective strategy in winter.
In short, these structural and leaf
movement differences between
these two species indicate that both
species have evolved different
mechanisms or adaptive structures
to tolerate/avoid high irradiance in
winter. However, data from future
studies on potential differences in
the light absorptivity and light-
induced injury in these two species
should be useful in supporting this
observation.
Cuticles, as the primary interface
between the plant and its environ-
ment, receive a significant amount
of solar radiation (Osborn and Taylor,
1990). They play a key role in
maintaining the plant’s integrity
within an inherently hostile environ-
ment and provide a protective bar-
rier to unfavorable light or water.
Typically, cuticles of ‘‘sun’’ leaves
are thicker (Martin and Juniper,
1970). Also, an increase in accumu-
lating cuticle wax is a response of many plants to higher
irradiance (Reed and Tukey, 1982; Shepherd et al., 1995) and
cuticle wax is considered a photoprotective layer (Shepherd and
Griffiths, 2006) by reflecting and diffusing light. In our study,
R. catawbiense had thicker cuticles (Fig. 5) with a large
accumulation of cuticle wax (Fig. 6) on the surface of the
abaxial epidermis cells compared with R. ponticum in both NA
and CA leaves, rendering R. catawbiense leaves to be more like
‘‘sun’’ leaves. Thus, we suggest that the thicker cuticles
together with the accumulation of cuticle wax in the leaves of
R. catawbiense may have adaptive significance vis-a-vis photo-
protection in this species.
Fig. 5. Scanning electron micrographs showing thickness of adaxial cuticles of nonacclimated (NA) (A–B) and
cold-acclimated (CA) (C–D) leaves from Rhododendron ponticum and R. catawbiense. (A, C) Images showing
cuticle thickness of NA and CA leaves from R. ponticum, respectively. Bars = 5 mm. (B, D) Images showing
cuticle thickness of NA and CA plants from R. catawbiense, respectively. Bars = 5 mm. (E) Comparison of
thickness of adaxial cuticle from NA and CA leaves of R. ponticum and R. catawbiense. Note that cuticle
thickness is marked by arrows. Data presented are mean ± SE (n = 10 independent measurements from three
sections per species; 3 + 3 + 4). Leaf samples were fixed and treated the same way as described in Fig. 3.
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Epidermal cells have two features that are the key to
preventing evaporative water loss: dense packing and coverage
by cuticles. Cuticle wax in the abaxial and adaxial surfaces of
the epidermis cells is considered to prevent water loss (Shep-
herd and Griffiths, 2006). Because rhododendron plants are
shallow-rooted, they are particularly susceptible to leaf desic-
cation under windy and/or freezing conditions in winter. Our
results showed that although the stomatal density of R.
ponticum was much higher than that of R. catawbiense in both
NA and CA plants (Fig. 6E), the ‘‘overall opening’’ of stomatal
pores per unit leaf area (an integrated value of stomatal density
and pore size) was much greater in R. catawbiense than that in
R. ponticum (Fig. 7G); it is note-
worthy, however, that this conclu-
sion has an underlying assumption
that stomata have a similar degree
of ‘‘openness’’ (or similar pore size)
in NA and CA leaves. This feature
indicates that the leaves of R. cata-
wbiense may be more prone to
winter desiccation than R. ponticum
when soils are frozen, especially
because this species frequently
grows on open ‘‘balds.’’ Thus, we
suggest that accumulation of a rel-
atively large amount of cuticle wax
in the abaxial leaf surface (Figs. 6B
and 6D) in R. catawbiense as well as
thicker cuticles in the adaxial leaf
surface of this species may help
them reduce water loss in winter; a
recent study of the relationship
between leaf wax deposition and
drought tolerance in tobacco dem-
onstrated that leaf cuticular wax
load increased significantly when
plants were subjected to a periodic
drought (Cameron et al., 2006).
We observed a reduction in sto-
matal density of the winter leaves
relative to summer ones in the two
Rhododendron species included in
this study (Fig. 6E). This is a rather
unexpected result because stomata
are believed to be formed from
initials early in leaf development
and, therefore, stomatal density is
not expected to change over time in
mature, fully expanded leaves, the
ones used here. Future studies
focused at investigating temporal
changes in the stomatal density
(between seasons or even years
because leaves last several years in
this evergreen species) should pro-
vide further insight into this rather
intriguing phenomenon.
In conclusion, the two species
have evolved distinct leaf structural
adaptations to winter conditions.
The additional layer of upper epi-
dermis and multiple palisade layers
in R. ponticum leaves and thicker cuticle with wax and an extra
palisade layer in R. catawbiense may constitute structural
adaptations involved in reducing light stress during winter
when photosynthesis is generally downregulated. Our results
also indicated that whereas stomatal density of R. ponticum was
higher than that of R. catawbiense leaves, the remarkably
higher overall opening of stomatal pores per unit leaf area (an
integrated value of stomatal density and pore size) in R.
catawbiense might render this species more prone to winter
desiccation and thus thermonasty may serve as a desiccation-
avoidance strategy in this species, perhaps in addition to
serving a light-avoidance role.
Fig. 6. Scanning electron micrographs showing the abaxial stomatal density of nonacclimated (NA) (A–B) and
cold-acclimated (CA) (C–D) leaves from Rhododendron ponticum and R. catawbiense. (A, C) Images showing
stomatal density of NA and CA leaves from R. ponticum, respectively. Note that there was no wax accumulated
around the stomata. Bars = 100 mm. (B, D) Images showing stomatal density of NA and CA plants from R.
catawbiense, respectively. Note the wax accumulated around the stomata (arrows). Bars = 100 mm. (E)
Comparison of stomata density from NA and CA leaves of R. ponticum and R. catawbiense. Data presented are
mean ± SE (n = 5 independent measurements from three leaf discs per species; 2 + 2 + 1). Leaf samples were fixed
and treated the same way as described in Fig. 3.
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